Osteoporotic treatments have largely depended on antiresorptive or anabolic drugs; but the former also suppresses new bone formation, and the latter only includes human parathyroid hormone. There is no drug that has a dual effect to inhibit bone resorption and to stimulate bone formation simultaneously. Here, we report a small molecule, a quinoxaline derivative of oleanolic acid (QOA-8a) that plays such dual roles in osteoblasts and osteoclasts in the treatment of osteoporosis. Osteoclast differentiation was induced by incubation of primary mouse bone marrow-derived macrophages in the presence of RANKL and M-CSF, treatment with QOA-8a dose-dependently inhibited the osteoclast formation with an IC 50 value of 0.098 μmol/L. QOA-8a also directly acted on osteoblasts, and stimulated new bone formation in murine calvarial bones in vitro and in vivo. In an OVX rat model, administration of QOA-8a (1, 5 mg·kg -1 ·d -1
Introduction
Osteoporosis is a systemic disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent increase in bone fragility and susceptibility to fracture [1] . It is estimated that 30%-50% of women and 15%-30% of men will suffer an osteoporotic fracture in their lifetime, and approximately 80% of osteoporosis patients are women seen in a clinic setting who present with a dramatic reduction in estrogen levels [2, 3] . Osteoporosis causes more than 8.9 million fractures annually worldwide and approximately 1000 per hour [4] . In 2010, the direct costs of only osteoporotic fractures were estimated at €29 billion in the five largest EU countries (France, Germany, Italy, Spain and UK) and €38.7 billion in 27 EU countries [5] . By 2025, there will be over 3 million fractures, with related outlays of $25.3 billion per year in USA [6] . In China, the yearly expenditure of only osteoporotic hip fracture reaches approximately $17.4 billion [7] . Bone remodeling is essential for bone, and the healthy bone is built on a dynamic equilibrium via bone resorption by osteoclasts and bone formation by osteoblasts. A disruption of this equilibrium resulting in excessive bone resorption can lead to osteoporosis. Therefore, therapies for osteoporosis universally act on the coupled system of osteoblast and osteoclast activities [5] . Inhibition of functions of osteoclasts and enhancement of osteoblast activities are key therapeutic tools for osteoporosis treatment, and antiosteoporotic treatments have largely depended on antiresorptive or anabolic drugs [8] . Currently, the most clinically available therapies are antiresorptive agents, which work by inhibiting the activity of osteoclasts and, accordingly, reducing bone resorption. How-ever, osteoclast inhibitors also suppress new bone formation due to the coupling of osteoblast and osteoclast activities [9, 10] . Anabolic agents act by stimulating formation of new bone, whereas the only clinically available drug is recombinant human parathyroid hormone (PTH) in the US and PTH in Europe [11] . Although PTH stimulates bone formation, the use of rhPTH is also limited to 24 months in the United States and 18 months in Europe due to the increased risk of osteosarcoma [12] . Strontium ranelate has been reported to both increase markers of bone formation and decrease markers of bone resorption in vitro [13] ; however, there is no in vivo evidence to support its bone anabolic efficacy [14, 15] . Although bisphosphonates (Alendronate) and an antibody to RANKL (Denosumab) can increase bone mass by shutting down cells known as osteoclasts, they also hinder the creation of new bone [16, 17] . Nevertheless, a combination of teriparatide and denosumab can increase bone mineral density more efficaciously than monotherapy with either agent, especially in postmenopausal women with osteoporosis [18, 19] . In some ways, these drugs have succeeded, but highly publicized side effects are causing patients to shy away from these bisphosphonates [20] or daily subcutaneous injectable drugs. Therefore, there is a strong medical need to look for new anti-osteoporosis drugs. If an agent could exert a dual effect that increases bone formation and reduces bone resorption simultaneously, it would open a novel window for the treatment of osteoporosis.
Natural products have had a major role as lead structures in drug discovery [21] . In our research project targeting new antiosteoporotic agents from natural resources, we screened multiple extracts from traditional Chinese medicine and discovered that oleanolic acid and its glycosides from Achyranthes bidentata Blume (Amaranthaceae) possessed an antiosteoporotic effect [22, 23] . Further long-term efforts in chemical synthesis and bioassays resulted in a quinoxaline derivative of oleanolic acid (QOA-8a) ( Figure 1A ) that significantly inhibited the differentiation, formation and bone resorptive activity in osteoclasts without cytotoxicity ( Figure 1B ) [24] . In ovariectomized mice, QOA-8a prevented bone loss without any hormone-like side effects, and the mice treated with 1 mg·kg -1 ·d -1 maintained the same bone mineral density level as sham mice [25] . In the present study, we found that QOA-8a is capable of elevating alkaline phosphatase (ALP) activity, a marker of osteoblast differentiation in the mouse calvarial osteoblastic cell line MC3T3-E1, which strongly suggested that QOA-8a might have a dual effect by enhancing bone formation and reducing bone resorption. Therefore, the effects of QOA-8a were tested on osteoclast formation using RANKL-induced osteoclast formation assay and on the formation of new bone of murine calvarias both in vitro and in vivo. Then, we used an ovariectomy-induced (OVX) rat model related to postmenopausal osteoporosis to test the dual functions of QOA-8a. Furthermore, a preliminary mechanism of the dual effect was investigated. Finally, the dual effect of QOA8a was examined in both human-sourced osteoclasts and osteoblasts.
Materials and methods
Materials and reagents QOA-8a was synthesized by the Key Lab of Analytical Chemistry for Life Science, School of Chemistry and Chemical Engineering, Nanjing University (Nanjing, China), and the purity was more than 99.0%. The other reagents and kits were purchased from the following sources: α modification of Eagle's medium (α-MEM), Dulbecco's modified Eagle's medium (DMEM), Hams F12 (D/F12), fetal bovine serum (FBS), and antibiotic/antimycotic from HyClone (Carlsbad, CA, USA); recombinant murine soluble receptor activator for nuclear factor κB ligand (m-RANKL), recombinant human soluble receptor activator for nuclear factor κB ligand (h-RANKL) and recombinant human macrophagecolony stimulating factor (M-CSF) from PeproTech EC (London, UK); penicillin, streptomycin and the TRAP kit from Sigma (St Louis, MO, USA); ALP kit from Jiancheng (Nanjing, China); and BMP-2 kit, OPG kit, N-MID-OT kit and CTX-I kit from R&D Systems (Minneapolis, USA). Protein expression was examined using antibodies specific to ERK1/2, phosphorylated ERK1/2, p38-MAPK, phosphorylated p38-MAPK, IκBα, phosphorylated IκBα, JNK, phosphorylated JNK, NF-κB-p65, phosphorylated NF-κB-p65, c-Fos, and NFATc1, which were all from Cell Signaling Technology (Danvers, USA).
Cell cultures
Osteoclast formation assay Primary mouse bone marrow monocyte/macrophage cells (BMMs) were isolated from the long bones of 5-week-old male ICR mice following protocols approved by the Institutional Animal Use and Care Committee of Nanjing University. BMMs were plated in a 96-well plate at a density of 3×10 5 cells per well in complete α-MEM medium with 10% heat-inactivated FBS (penicillin 50 IU/mL and streptomycin 50 μg/mL), 30 ng/mL M-CSF, and 50 ng/mL RANKL to induce the differentiation of osteoclasts. After 5 days, the cells were stained with the TRAP kit from Sigma (St Louis, MO, USA). TRAP staining was performed as follows: samples were fixed with 4% paraformaldehyde-PBS, washed with PBS three times and stained with TRAP solution containing 100 mmol/L sodium acetate buffer (pH 5.0), 50 mmol/L sodium tartrate, 0.1 mg/mL sodium naphtol AS-MX phosphate, 0.6 mg/mL Fast Violet LB and 0.1% Triton X-100. Enzymatic reactions were stopped by washing samples with PBS. Osteoclasts were recognized by light microscopy as > 3 nuclei containing TRAPpositive giant cells. Data are expressed as the mean±SD (n=6).
Murine monocyte/macrophage cell line RAW264.7 was generously provided by the Department of Biological Sciences of Nanjing University. Cells were seeded in a 6-well plate (1×10 Human multinucleated osteoclast culture: Human peripheral blood mononuclear cells were separated from peripheral blood obtained from healthy volunteers by density gradient centrifugation with Ficoll-Paque Plus (Amersham Biosciences) using a protocol approved by Nanjing Drum Tower Hospital Affiliated with Medical School of Nanjing University. Informed consent was obtained from all subjects. Cells (1×10 5 cells/well) were plated in 96-well culture dishes in α-MEM supplemented with penicillin, streptomycin, 10% FBS, 100 ng/mL human RANKL and 50 ng/mL human M-CSF for 14 d. Cultures were refreshed twice weekly. After two weeks, the cells were stained with TRAP staining. Data are expressed as the mean±SD (n=3). Human peripheral blood mononuclear cells were seeded in a 6-well plate (1×10 6 cells/well), pretreated with vehicle (DMSO) or with 5 μmol/L QOA-8a and stimulated with RANKL in a time-course experiment. The activating phosphorylation of ERK1/2, JNK, p38, p65, IκBα was analyzed by Western blot.
Osteoblast assay
The mouse calvarial osteoblastic cell line MC3T3-E1 was purchased from the cell bank of type culture collection of the Chinese Academy of Sciences (Shanghai, China). Cells were seeded in a 6-well plate (1×10 6 cells/well) and maintained in α-MEM supplemented with 10% FBS and antibiotics (penicillin 50 IU/mL and streptomycin 50 μg/mL). MC3T3-E1 was treated with vehicle (DMSO) or QOA-8a in a time-course experiment. The activating phosphorylation of ERK1/2, JNK, p38 was analyzed by Western blot, and the expression of relevant genes was analyzed using real-time qPCR.
Isolation of mouse bone marrow mesenchymal stem cells: 5-week-old male ICR mice were used following protocols approved by the Institutional Animal Use and Care Committee of Nanjing University. Isolation of primary BMMSCs was performed according to the method described [26] . Briefly, the tibias and femurs were harvested, and the marrow was flushed by a syringe with a 26-g needle containing PBS. Cells were plated into a 6-well plate with a density of 1×10 7 The human fetal osteoblast cell line hFOB1.19 was pur- QOA-8a was dissolved in DMSO followed by dilution with the appropriate medium to desired concentrations, and the DMSO final concentration was 0.1% in all the cultures. DMSO at 0.1% was added to normal, control groups and showed no effects on cells. All the cultures were kept in a CO 2 incubator under moist conditions of 5% CO 2 in air at 37 °C.
Conditioned media and sera analysis
The levels of ALP in culture supernatants was directly quantified by an ALP kit from Jiancheng (Nanjing, China) according to the manufacturer's instructions. Cells in each group were lysed, the amount of total extracted protein was determined by a BCA TM protein assay kit (Pierce, Rochford, IL, USA), and the levels of BMP-2 and OPG were quantified by an ELISA kit from R&D Systems (Minneapolis, USA) according to the manufacturer's instructions. Serum levels of N-MID-OT and CTX-I from rats in each group was determined using an ELISA kit from R&D Systems (Minneapolis, USA) according to the manufacturer's instructions. The coefficient of variation (CV) of CTX-I for within-run assays was 6%, and the range of measurement was 123.5-10 000 pg/mL. The CV of N-MID-OT for within-run assays was 5%, and the range of measurement was 12-480 ng/mL.
Western blotting
Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer. The amount of total extracted protein was determined by a BCA TM protein assay kit (Pierce, Rochford, IL, USA). A quantity of 20-30 μg of lysates was subjected to a 10% gradient SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). Blots were probed with the primary antibody for the indicated proteins overnight at 4 °C and washed and incubated with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The blots were subsequently detected with an enhanced chemoluminescence kit according to the manufacturer's instructions (Cell Signaling Technology, MA, USA).
Quantitative real-time PCR Total RNA was extracted using an RNeasy plus kit (QIAGEN), and cDNA was generated with an oligo (dT) primer and the Superscript II system (Invitrogen), followed by analysis using an iCycler PCR with SYBR Green PCR master mix (BioRad, CA, USA). Threshold cycle numbers were obtained using Animals Three-day-old ICR (Institute for Cancer Research) mice, 3-week-old male ICR mice, 5-week-old male mice and 8-weekold female Sprague-Dawley rats were purchased from the National Resource Center for Rodent Laboratory Animals. Animals were housed in a climate-controlled room, with a 12-h light/dark photoperiod. All the animals had free access to food and water.
All experimental protocols involving animals were approved by the Institutional Animal Care and Use Committee of Nanjing University. Animal welfare and all experimental protocols were performed strictly in accordance with the Guide for the Care and Use of Laboratory Animals. All efforts were made to minimize animals' suffering and to reduce the number of animals used.
Bone histomorphometry
Neonatal murine calvarias in organ culture: Calvarias from 3-day-old ICR mice were explanted, dissected free of adjacent connective tissue, placed in 12-well plates, incubated with QOA-8a, cultured at 37 °C in a humidified atmosphere of 5% CO 2 , and maintained in α-MEM supplemented with 10% FBS and antibiotics (penicillin 50 IU/mL and streptomycin 50 μg/mL). After 7 d, the samples were stained with hematoxylin and eosin/Orange-G staining according to standard protocols. New bone area and osteoblast number were analyzed using a reflective optical microscope and the Metamorph 6.2 software (M×50, Olympus, Guangzhou, China). Murine calvarias in vivo: Male ICR mice, 3 weeks of age, were injected two times per day for 10 d over the right side of the calvaria with either vehicle or QOA-8a. After the experiment, the calvarias were removed and stained with hematoxylin and eosin/Orange-G staining. New bone area and osteoblast number were analyzed using a reflective optical microscope and the Image-Pro Plus software. Treatment effect on OVX: 8-week-old female rats were subjected to either bilateral ovariectomy (OVX) or a sham operation. After the surgical operation, OVX-rats were left untreated for 8 weeks and then treated orally with vehicle or the indicated dose of QOA-8a and AS for 8 weeks. Protective effect on OVX: Three days after the surgical operation, the 8-week-old female rats were administered either vehicle, a relatively dose of AS or increasing amounts of QOA-8a for 16 weeks. The trabecular bone architecture of the proximal femur and vertebra were analyzed using microcomputed tomography (SSRF, Shanghai Synchrotron Radiation Facility). The total BMD, vertebral BMD, right proximal femoral BMD and right proximal femoral BMD was measured by dualenergy X-ray absorptiometry (DXA) (Lunar Co, Madison, WI, USA) under pentobarbital anesthesia (the reproducibility of the DXA procedure on the rat femur had a coefficient of variation of 1.21% of six measurements). The left proximal femurs were scanned with a microcomputed tomography (μCT) system (Line BL13W1, Shanghai Synchrotron Radiation Facility, Shanghai, China).
Statistical analyses
Data are presented as the mean±SD of the indicated number of experiments. Data were analyzed by one-way ANOVA followed by Dunnett's test or Student's t-test if appropriate. Probability values of 0.05 or less were considered statistically significant. All statistical analyses were performed with SPSS 13.0 (SPSS Inc, Chicago, IL, USA).
Results

QOA-8a inhibits RANKL-induced osteoclast formation
We previously demonstrated that QOA-8a significantly inhibited the differentiation, formation and bone resorptive activity of osteoclasts without cytotoxicity [24] . To further confirm the effects of QOA-8a on osteoclast activity, we assayed the half inhibitory concentration (IC 50 ) of QOA-8a. Primary bone marrow-derived macrophages (BMMs) were treated with various concentrations of QOA-8a in the presence of RANKL and M-CSF, two essential factors that regulate the development of osteoclasts. Formation of multinucleated osteoclasts was determined by tartrate-resistant acidic phosphatase (TRAP) staining. The result showed that QOA-8a exhibited an IC 50 value of 0.098 μmol/L ( Figure 1B) . Next, to determine the stage of the main effects of QOA-8a in osteoclast formation , QOA-8a (2 μmol/L) was added to the medium on each day from the first to the fifth day, respectively, and then, on each of the following days, QOA-8a was washed out and normal differentiated conditions were allowed to recover (Figure 2A) . When QOA-8a was added on the fourth day, the inhibitory effect on osteoclast formation was the greatest (94.4%, Figure  2B ). The results suggested that the potent inhibitory effect of QOA-8a on osteoclast formation was mainly exerted during the highly differentiating period.
QOA-8a stimulates new bone formation in murine calvarial bones in vitro and in vivo Our research clearly demonstrated that QOA-8a could stimulate osteoblast differentiation ( Figure 1C ). To examine this effect, we investigated the anabolic actions of QOA-8a on neonatal murine calvarial bones in an organ culture. Bones were isolated from 3-day-old ICR mice (Institute for Cancer Research) [27, 28] and placed in the conditioned media after they were dissected free of adjacent connective tissue. After incubation with QOA-8a for 7 days, a marked increase in new bone formation was observed in a dose-dependent manner compared with the control (Figure 3A and 3B) . Moreover, the marked stimulatory effect of QOA-8a on bone cells has also been found in conjunction with enhanced ALP activity (Figure 1C, Figure 3C ). We therefore concluded that QOA-8a possessed dual effects both on osteoclasts and osteoblasts.
To further confirm the bone anabolic effect, we injected QOA-8a into the subcutaneous tissue overlying the murine calvaria in vivo with a careful experimental operation [27] . Three-week-old male ICR mice were injected twice daily over After being injected subcutaneously for 10 d, the calvaria were removed for histomorphometric analysis. As we observed, increased QOA-8a levels were accompanied by increased osteoblast activity both in the right and left side of the calvaria ( Figure 3D ), which is an almost 7-fold increase in new calvarial width ( Figure 3F -G), and a 2-fold increase in osteoblast number ( Figure 3E ) occurred compared with the control group. The results demonstrated that QOA-8a treatment possessed a marked bone anabolic effect in a dose-dependent manner in vivo.
Treatment effect of QOA-8a on OVX-induced bone loss To confirm the treatment effect of QOA-8a on OVX induced bone loss, we ovariectomized rats at 8 weeks of age and left them untreated for 8 weeks so that they developed severe osteopenia. Then, sham-operated or OVX rats were treated for 8 more weeks with either vehicle or increasing amounts of QOA-8a (0.1, 1 or 10 mg·kg -1 ·d -1 , orally), and alendronate sodium (AS, 1 mg·kg -1 ·d -1 , orally) acted as a positive control. The total bone mineral density (BMD) and the BMD of the right femur, vertebra and proximal right femur of each of the 8 rats from the sham and OVX groups were measured with dual-energy X-ray absorptiometry (DXA). After 8 weeks, the BMD of the sham and randomly selected 8 OVX rats were measured with DXA.
As shown in Figure 4A , significant reductions in total BMD and BMD in vertebra and proximal right femur were observed.
The body weight of OVX rats increased by approximately 15% compared with that of sham-operated rats (P<0.05) ( Figure 4B ). The uterine weight of OVX rats substantially decreased by 78.5% compared with that of sham-operated rats (P<0.01), which indicated that the rats were estrogen deficient and confirmed the success of the ovariectomy procedure ( Figure 4C ). The results indicated an improvement to the postmenopausal osteoporotic state. The eight-week treatment of QOA-8a at all dose levels did not elicit any hormonelike side effects, and there was no degeneration or necrosis of endometrial glands and smooth muscle cells and no infiltration of inflammatory cells ( Figure 4D) .
Because the proximal femurs in humans and rats share many histoanatomic similarities, we first used μCT to investigate whether QOA-8a has a role in increasing femoral trabecular microarchitecture. Right proximal femurs were used for bone histomorphometry; ovariectomy decreased femoral trabecular bone volume ( Figure 4E ), trabecular thickness (Figure 4F) , and increased trabecular separation ( Figure 4G ). As expected, daily administration with QOA-8a in the 1 and 10 mg·kg -1 ·d -1 treatments for 8 weeks reversed the effects of OVX significantly and prevented further deterioration of the bone structure ( Figure 4H ).
Protective effect of QOA-8a on OVX-induced bone loss
We further evaluated the preventive effect of QOA-8a on OVX-induced bone loss as the treatment was started Figure 5A ), and the uterine weight of OVX rats also showed a marked reduction ( Figure 5B ) due to uterine atrophy. After the experiment, we first measured cortical and cancellous bone mineral densities of the left proximal femurs with peripheral quantitative computed tomography (pQCT). As we observed, the bone mineral densities of the proximal femur were significantly decreased in the OVX groups, and QOA-8a treatment displayed a significant effect in restoring the deterioration of bone mass in OVX rats ( Figure 5C ). The dosage of 1 mg·kg -1 ·d -1 showed the most significant reversal of deleterious effects, which was higher than that in shamoperated rats. Notably, QOA-8a increased both cortical and cancellous bone mineral densities in ovariectomized rats compared to vehicle-treated controls ( Figure 5D, 5E) .
Bone turnover can be estimated by markers of bone formation (N-MID Osteocalcin, N-MID-OT) and bone resorption (cross-linked C-telopeptide of type I collagen, CTX-I). These markers have a rapid therapeutic response to treatment, especially compared to BMD measurement, that can be used to predict the rate of bone loss in postmenopausal women and can be used to assess the risk of fractures [29] . Next, we examined the role of QOA-8a in bone metabolism in vivo. We first investigated the serum levels of the bone resorption marker, CTX-1. Ovariectomy led to a substantially increased level of the bone resorption marker and high rates of bone turnover. This increase was reversed to equivalent degrees by both AS and all doses of QOA-8a ( Figure 5F ). Due to this high bone turnover model, the serum levels of the osteoblast marker, N-MID-OT, were also elevated significantly in ovariectomized rats. Treatment with QOA-8a slightly increased the serum levels of N-MID-OT, whereas AS had no effects on this marker ( Figure 5G ). Analysis of these bone turnover markers demonstrated the anabolic and the antiresorptive effects of QOA-8a, which showed a dual role in promoting osteoblast activity and inhibiting osteoclast activity.
We further investigated two microarchitectural parameters, endosteal and periosteal circumference, at the left femoral shaft. As shown in Figure 5 , both endosteal and periosteal circumference were larger, as expected, which was caused by increasing bone remodeling after ovariectomy. Alendronate sodium treatments decreased endosteal circumference but had little effect on periosteal circumference (Figure 5H ), indicating showed the most significant effects, which indicated that QOA-8a could decrease endosteal bone resorption and increase periosteal bone formation ( Figure 5H ). We also measured cortical thickness at the left femoral shaft, which was reduced in OVX rats because of the high endocortical resorption. All doses of QOA-8a reversed the decrease in cortical thickness to levels similar to (1 mg·kg -1 ·d -1 ) or higher than (5 mg·kg -1 ·d -1 ) those seen in sham-operated rats ( Figure  5I ).
Signaling involved in inhibiting osteoclast formation by QOA-8a
To gain insight into the preliminary mechanisms underlying the effect of QOA-8a on inhibiting osteoclast differentiation, we explored the activation status of key signals in signaling pathways involved in the regulation of this osteoclastogenesis. Upon stimulation by RANKL, QOA-8a induced a remarkable inhibition of ERK1/2 phosphorylation in the RAW264.7 cell line but slightly modulated p38-MAPK and JNK activation ( Figure 6A ). Because ERK1/2 and JNK activated c-Fos [30] and NFATc1 [31] , respectively, we investigated whether QOA-8a affected the expression of the two transcription factors. The results demonstrated that QOA-8a significantly inhibited c-Fos mRNA levels ( Figure 6C ) and protein expression ( Figure 6B ) and only had a suppressive effect on NFATc1 protein expression but little effect on mRNA levels. In our experimental settings, QOA-8a inhibited the NF-κB-p65 signaling but failed to affect IκBα phosphorylation ( Figure 6A ).
Osteogenic effects and signaling involved in stimulating osteoblast differentiation by QOA-8a
We examined the biological effect of OOA-8a in promoting osteogenic differentiation by Alizarin Red staining and measuring ALP in osteoblasts differentiated from primary mouse bone marrow mesenchymal stem cells (BMMSCs) [26] . QOA-8a (0.2 or 2 μmol/L) was added to the osteogenic medium at the initiation of osteoblast differentiation. Accordingly, as shown in Figure 7A , when the cells were induced to differentiate into different lineages, QOA-8a showed enhanced positive staining for alizarin red, and QOA-8a also significantly and dosedependently increased ALP activity in osteoblasts derived from primary BMMSCs. AS showed no osteogenic effects during osteoblast differentiation ( Figure 7B) .
Next, we examined the signaling involved in stimulating osteoblast differentiation by QOA-8a. Interestingly, QOA-8a significantly increased phosphorylation of JNK and ERK1/2 ( Figure 7C ), which were down-regulated by QOA-8a in osteoclast precursors upon exposure to RANKL, indicating that JNK and ERK1/2 signaling seemed to play an important dual role in how QOA-8a inhibited osteoclast differentiation and stimulated osteoblast differentiation. We further examined whether QOA-8a led to the activation of STAT3. Indeed, we observed that QOA-8a up-regulated STAT3 phosphorylation in osteoblasts ( Figure 7D ). These results suggested that QOA8a stimulates osteoblast differentiation through JNK, ERK/ STAT signaling.
To further demonstrate the effects of QOA-8a on promoting osteoblast function, we evaluated mRNA expression in the bone of the osteoblast markers ALP, Osteocalcin (OC), runt-related transcription factor 2 (Runx2), bone morphogenetic protein 2 (BMP-2), collagen-type 1 (Coll-1) and osteoprogesterin (OPG) (Figure 7D-L) . The differentiation of the preosteoblast into a mature, bone-forming osteoblast phenotype requires the expression of Runx2 ( Figure 7G) ; the mature osteoblast expresses the matrix proteins Coll-1( Figure  7I ), OC ( Figure 7F ) and a key enzyme in the mineralization process, ALP ( Figure 7E ) [32] . The up-regulated markers further indicated an increase in osteoblast activity by QOA-8a. Our findings also showed that the OPG expression level was significantly up-regulated ( Figure 7J) , and the RANKL level was down-regulated ( Figure 7K ) in the mouse calvarial osteoblastic cells, suggesting that QOA-8a impacted mouse osteoblasts to control osteoclast development and resorption through RANKL and OPG output ( Figure 7L ).
Dual effects of QOA-8a both on human-sourced osteoclasts and osteoblasts To provide evidence that the dual role is not specific to the animal model, we further tested whether QOA-8a treatment affected both human-sourced osteoclasts and osteoblasts. We differentiated human peripheral blood mononuclear cells into osteoclasts in the presence of M-CSF (50 ng/mL) and RANKL (100 ng/mL). The formation of multinucleated osteoclasts was determined by TRAP staining. Treatment with QOA-8a resulted in a significantly reduced number of TRAP-positive osteoclasts and a reduced average number of nuclei per TRAPpositive cell in a concentration-dependent manner ( Figure  8A-B) . Moreover, at concentrations up to 50 μmol/L, QOA8a did not show any cytotoxicity on the osteoclast precursors ( Figure 8C ).
To verify whether QOA-8a affected osteoblast differentiation, we treated human fetal osteoblast cells (hFOB1.19) with different concentrations of QOA-8a, and the data displayed that QOA-8a exhibited considerable ALP stimulatory activity in a concentration-dependent manner compared with that of the control value ( Figure 8E and 8F) . We also examined the pro- tein expression of BMP-2 and OPG ( Figure 8G , 8H) in human fetal osteoblast cells using an ELISA assay. Most of the markers were up-regulated by QOA-8a. From Figure 8 , we can see that BMP-2 level was significantly expressed by QOA-8a in human fetal osteoblast cells ( Figure 8G ). Next, we asked whether the signaling pathway described above is involved in this human osteoclastogenesis and osteoblastogenesis. We found that, similar to previous results, ERK1/2 and NF-κB-p65 were down-regulated by QOA-8a in human osteoclast precursors upon exposure to RANKL ( Figure 8D ), whereas ERK1/2 and p38-MAPK, but not JNK , were up-regulated by QOA-8a in human fetal osteoblast cells ( Figure 8I ). The data demonstrated that QOA-8a had an apparent effect on osteoblast development and osteoblast function.
Discussion
Our findings showed a novel small-molecule, QOA-8a, with dual-opposite roles in building up bones. We had already confirmed that QOA-8a inhibited RANKL-induced osteoclast formation and bone resorptive activity of mature osteoclasts without cytotoxicity [24] . In an attempt to demonstratethe anabolic actions, we added QOA-8a to neonatal murine calvarial bones in organ culture and injected QOA-8a into the subcutaneous tissue overlying the murine calvaria in mice. The results showed that QOA-8a treatment led to a marked bone anabolic effect in a dose-dependent manner.
B e c a u s e o s t e o p o r o s i s o c c u r s m o s t f r e q u e n t l y i n postmenopausal women due to the dramatic estrogen withdrawal, an OVX rat model was used because it replicates several key features of the estrogen-deficient adult human skeleton in postmenopausal osteoporosis, such as high rates of bone remodeling, perforation of trabecular plates, loss of trabecular elements of cancellous bone, and thinning and porosity of cortical bone [33] . Thus, we used the ovariectomyinduced model of postmenopausal osteoporosis to test the dual functions of QOA-8a. The bone anabolic and antiresorptive effects of QOA-8a were observed by increased trabecular microarchitecture, degraded serum levels of bone resorption markers and elevated levels of bone formation markers, different from the antiresorptive agents. Moreover, the cortical and cancellous bone adjacent to bone marrow were most responsive to QOA-8a treatment; the dosage of 1 mg·kg -1 ·d -1 showed the most significant effects. Alendronate sodium decreased endosteal circumference but had little effect on periosteal circumference, which may relate to a full antiresorptive effect mediated largely through bone remodeling. In contrast, QOA-8a treatment not only decreased endosteal circumference but also increased periosteal circumference, and 5 mg·kg -1 ·d -1 showed the most significant effects, which demonstrated that QOA-8a has both antiresorptive and anabolic properties. The receptor activator of NF-κB (RANK) and its ligand RANKL have been identified as essential factors involved in osteoclast development and bone remodeling [34] . The binding of RANKL to its receptor RANK leads to a cascade of intracellular events, including recruitment of receptorassociated factor (TRAFs) [35] ; activation of the transcription factor nuclear factor-κB (NF-κB) [36] ; activation of the mitogenactivated protein kinase (MAPK) [37] pathways including extracellular signal-regulated kinase 1/2 (ERK1/2), p38-MAPK and Jun-N-terminal kinase (JNK); and up-regulation of c-Fos [38] and the nuclear factor of activated T cells c1 (NFATc1) [30] , two transcription factors needed for osteoclast differentiation. To gain insight into the mechanisms underlying the effect of QOA-8a on inhibiting osteoclast differentiation, we explored the activation status of the above mentioned key signals in the signaling pathways involved in the regulation of this osteoclastogenesis. The results suggested that c-Fos seems to be one of the target genes for the QOA-8a mediated inhibitory effect on osteoclast formation, and QOA-8a inhibits osteoclastogenesis mainly through the ERK/ c-Fos signaling pathway. NF-κB controls the differentiation or activity of the major skeletal cell types, including osteoclasts and osteoblasts [36, 39] Among all NF-κB signals, p65 plays an important role in the osteoclasts, and mice lacking p65 globally showed fewer osteoclasts at baseline and a significantly blunted osteoclastogenic response to RANKL injection [40] . Our results confirmed that NF-κB-p65 signaling is also involved in the inhibition of osteoclast differentiation by QOA-8a.
It was recently shown that Janus kinase (JAK)-signal transducer and the activator of the transcription (STAT) signaling pathway play an important role in bone development and metabolism [41] . Among all the STATs, STAT3 is probably the most important transcription factor mediating intracellular signaling in osteoblasts, and the lack of STAT3 in osteoblasts may antagonize bone anabolic factors and attenuate the mechanically induced new bone formation [42] . We therefore examined whether QOA-8a led to the activation of STAT3 and observed that QOA-8a up-regulated STAT3 phosphorylation in osteoblasts. These results suggested that QOA-8a stimulates osteoblast differentiation through the JNK, ERK/STAT signaling pathway.
Our findings also showed that ERK1/2 seemed to play a key role in the opposite-dual action of QOA-8a; increases in bone mass were observed as a result of pathway activation of ERK1/2 in osteoblasts and decreases in bone loss were noted as a result of pathway inhibition of ERK1/2 in osteoclasts, which was also involved in human osteoclastogenesis and osteoblastogenesis.
OPG is a soluble decoy receptor for RANKL, and it functions to reduce osteoclastogenesis by competitive occupation of the stromal RANKL binding sites for RANK receptors on precursor and later-stage osteoclasts; high RANKL expression promotes osteoclastogenesis and survival, whereas high OPG results in low osteoclastogenesis and osteoclast apoptosis [4] . The results demonstrated that OPG expression level was significantly up-regulated, and the RANKL level was downregulated in the mouse calvarial osteoblastic cells by QOA-8a, indicating that QOA-8a impacted mouse osteoblasts to control osteoclast development and resorption through RANKL and OPG output. However, QOA-8a had no apparent effect on the protein expression of OPG in the human osteoblast. However, accumulating evidence indicates that BMP-2, synthesized and released by osteoblasts and stored in the bone matrix, is a major and indispensable player during bone formation and bone repair [43] , and the high level of BMP-2 expression might support the idea of anabolic effects of QOA-8a in humans.
For many years, the medical community has been investigating bone-building therapies that actively increase bone mass by stimulating new bone formation together with antiresorptive treatments. However, in the osteoporosis market, no drug has dual effects on stimulating bone formation and inhibiting bone resorption. Across all studies, our findings may provide a new potential frontrunner in anti-osteoporosis drug development. The next challenge in our work is to discover the target protein(s) of QOA-8a and collect long-term data from ongoing studies.
